ABSTRACT. Fetal mouse brain glial cells in primary cultures were immortalized by recombinant retroviruses containing human papillomavirus type 16 E7 genes, and named VR-2g cells. The presence and expression of E7 genes in VR-2g cells were demonstrated by the Southern and the Northern blot analyses. VR-2g cells did not form colonies in soft agar culture, indicating that VR-2g cells have no transforming phenotypes. By the karyotype analysis, VR-2g cells consisted of two cell populations, the pseudo-diploid and the pseudo-tetraploid. VR2g cells were positive in immunostaining with mono-and polyclonal antibodies against glial fibrillary acidic proteins (glial-specific intermediate filaments). In addition, VR-2g cells secreted neurotrophic factors as assayed with primary cultures of fetal rat striatum neurons, although molecular characterization of the factor(s) was not yet determined. These results indicate that the present method for cell immortalization will be useful for establishing untransformed cell lines from primary cultures of fetal brain cells.
The neuro-glial cell interaction is one of the important mechanisms underlying the development and differentiation of the central nervous system. The interactions are known to be performed in two ways, the cellcell contact (10, ll, 16, 23) and the secretion of humoral factors such as neurotrophic factors (2, 21, 22) . For example, in the cell culture system rat fetal brain neurons extend their processes (neurites) on a sheet of astrocytes. Neuronsformedlonger neurites on the sheet of immatureastrocytes than on that of mature astrocytes (23) , indicating that the surface properties of astrocytes change with the age of the animal.
Primary-cultured astrocytes and glioma cell lines are knownto produce and secrete neurotrophic factors including nerve growth factors (7, 27) , fibroblast growth factor (26), protease nexin (1 3) and alpha 2-macroglobulin (19). These factors are essential for the survival and neurite outgrowth of fetal brain neurons in primary cultures. However, it is not known howthese factors work in the developmentof the central nervous system and whether or not glial cells further produce as yet unidentified factors required for the development of the nervous system.
For further molecular biological investigations of glial cells (9, 20) , it is important to establish cultured cell * To whomreprint requests should be addressed.
lines, and this is attained through the immortalization of primary-cultured glial cells by the transfer of viral oncogenes (4, 6, 12, 17) , or by the culture of cells derived from transgenic mice carrying viral oncogenes (8, 14) .
In this paper, we demonstrate that glial cells derived from fetal mouse brain tissues were efficiently immortalized by infection with the recombinant retrovirus containing the transforming gene E7 of human papillomavirus type 16 (15, 28) , and that the conditioned medium of the immortalized cells has neurotrophic activity.
MATERIALS AND METHODS
Cell culture. The brain stems of day-16 mouse embryos (the pregnant mice were purchased from the Shimizu Lab.) were dissected and the meninges removed. The tissues were minced with scissors, washed in calcium-/magnesium-free phosphate buffer (PBS), and treated with 0.02% EDTAsolution at 37°C for 5 min. Cells were dissociated by trituration through a 2-ml pipet, and washed in a culture mediumconsisting of a Dulbecco-Vogt modification of Eagle MEM supplemented with nonessential amino acids such as alanine (3 mg/L), asparagine-H2O (5 mg/L), aspartic acid (4.4 mg/L), glutamic acid (5 mg/L) and proline (ll.5mg/L) (called DMEM-N) and \0% fetal bovine serum (Flow). After the cell suspension was passed through a 200-//m nylon filter, cells were inoculated at 1.6 x 106 cells per 60-mmculture plate (Fal-con) coated with poly-D-lysine (Sigma) and incubated at 37°C in a CCVincubator.
The rat fibroblasts transformed by the recombinant plasmid pZE67 (15) were cultured in the medium of DMEM supplemented with 10% fetal bovine serum. Virus infection. The recombinant plasmid pZE67Nwas prepared by introducing a frameshift mutation into the E6 gene of the plasmid pZE67 ( Fig. 1) which was constructed by insertion of the transforming genes E6 and E7 of humanpapillomavirus type 16 (HPV16) into the pZipNeoSV (X) 1 vector (28) . Cells were treated with Polybrene (2 //g/ml) for 15 min at 37°C, and after removal of the medium,cells were incubated with the recombinant virus for 100 min at 37°C. After the cultures were incubated overnight in the growth medium, the cells were dissociated and inoculated in the selection medium, that is, the growth medium supplemented with 600 jug/m\ of G418 (Geneticin, Gibco) which supports the growth of infected, but not noninfected cells.
Karyotype analysis. Cells were cultured overnight and incubated in a colcemid medium (0.05/ig/ml) for 60 min at 37°C. The cells were dissociated, washed with PBS three times, and subjected to hypotonic treatment in four fold diluted PBSfor 15 min at 37°C. The cells were fixed in a mixed solution of methanol and acetic acid (3 : 1 in volume) at 4°C, suspended in a fixative, and dropped onto cold glass slides. Then, the cells were stained in a Giemsa solution (ten fold dilution in PBS), and observed under the light microscope.
Southern blot analysis. Isolation of high-molecularweight DNAfrom cells has been described previously (15). Isolated DNAs (20 fig) were digested with BamHIor Sad, separated by agarose gel electrophoresis, and transferred to nylon filters. The filter was hybridized with the 32P-labeled probe of the Sphl-Kpnl fragments (7467-7884) containing E6 and E7 genes of HPVI6, and then washed in a solution containing 15 mMNaCl/1.5 mMsodium citrate/0.1% SDS at 50°C. The filter was applied to autoradiography.
Northern blot analysis. The procedure has been described elsewhere (15). Briefly, isolation of RNAfrom cells was performed by the guanidinium isothiocyanate-cesium chloride method (5). The RNAwas separated by agarose gel electrophoresis, transferred to a nylon filter, and hybridized as described for the Southern blot analysis. Immunostaining. For immunocytochemistry, cells were cultured on glass coverslips, washed with PBSand fixed in methanol at -20°C. complex system (Vector Lab.). Briefly, cells were treated with 0.3% H2O2 for 20 min, washed with the staining buffer (2% fetal bovine serum/0.2% Triton-XlOO/PBS) and incubated in mouse monoclonal antibody (1 : 600 in dilution, BioMakor) or rabbit polyclonal antibodies (1 : 100 in dilution, DAKO) against glial fibrillary acidic proteins (GFAP) for 60 min. After washing in the staining buffer, cells were incubated in the biotin-labeled rabbit or gout antibodies against mouseor rabbit immunoglobulins (1 : 200 in dilution, Vector Lab.) for 30 min. Cells were washed with the staining buffer and then incubated in the horseradish peroxidase-conjugated biotin/avidin complex (Vector Lab.) for 30 min. After washing in PBS, cells were treated for 5 min with a mixed solution (0.024% diaminobenzidine tetrahydrochloride/0.01% H2O2/5O mM Tris-HCl/pH 7.2) for the enzyme reaction. These procedures were carried out at roomtemperature. Then, cells were counterstained with Mayer's hematoxylin solution (Mutoh Pure Chem.) and then observed under the light microscope.
Neurotrophic activities.
For preparation of the conditioned medium, cells were cultured for 2 days, and the culture medium was changed to serum-free medium, that is, the DMEM-Nsupplemented with transferrin (10 //g/ml), insulin (5 //g/ml), progesterone (5 nM), selenium salt (25 nM), putrescine (25 juM) and bovine serum albumin (250 //g/ml) (a slight modification of the method of Bottenstein and Sato) (3).
After incubation for 22 h, the mediumwas harvested, centrifuged at 3,000rpm for 10min and used for the assays. Rat striatum neurons were dissociated from day-16 embryonic brains according to the method described in primary cultures of mouse glial cells. Rat cerebral cortex and septum neurons were dissociated from day-17 embryonic brains according to the method of Araki et al. (1) . Rats (Wistar) were purchased from the Shimizu Lab. Neuronal cells were inoculated at 5 x 104 cells/well in a 24-well plate coated with poly-D-lysine (Sigma), and after culture for 2-4 days, photographed under an inverse-phase microscope.
RES ULTS
Isolation of immortalized cells (VR-2g). For cell immortalization, single cells were prepared from the brain stems of day-16 mouse embryos as described in the "Materials and Methods" and inoculated in growth medium at 1.6 x 106 cells per 60-mm dish. After a 4-day culture, the cells were transferred into culture flasks at an inoculation density of 3 x 104 cells/cm2 and cultured for 3 days. Then, the cells were infected with the recombinant retroviruses as described in the "Materials and Methods" (Fig. 1) . The infected cells were harvested and inoculated at 3 x 105 cells/60-mm dish in a selection mediumconsisting of growth medium and a neomycine analogue G418. The mediumwas changed every 3 days.
When cultured for 15 days, many colonies were formed whereby the colonies fused with each other.
Therefore, all colonies were pooled together and the cells were inoculated at 3 x 105 cells per 60-mm dish. Oneof these cultures was continuously subcultured and named VR-2g cells (Fig. 2) . The cells showed stable proliferation even after the 60th passage of the cultures. In contrast, primary-cultured cells not infected with the recombinant retroviruses ceased to grow after the 4th-5th passage.
Growth properties of VR-2g cells were examined. The doubling time of VR-2g cells was 28 h for the cells at the 20th passage and 24 h for those at the 54th passage. The cells had no ability to form colonies in soft agar where the maximumsize of the colonies was 0.17 mmin diameter, indicating that VR-2g cells have no transforming phenotypes.
Karyotype. The karyotypes of VR-2g cells at the 54th passage were examined (Fig. 3) had 80.8 chromosomes with a range of 76 to 86 chromosomes (the pseudo-tetraploid). Although most chromosomes in VR-2gcells were acrocentric, characteristic of the mouse karyotype, biarmed chromosomeswere also detected at a frequency of 58.8% for the pseudo-diploid cells and 76.5% for the pseudo-tetraploid. Whether the pseudo-tetraploid VR-2g cells developed from the pseudo-diploid ones remains unanswered in the present studies.
Viral DNAin VR-2g cells. The presence of viral DNAin VR-2g cells was examined by Southern blot analysis. When digested with BamHI or Sacl and hybridized with the probe of 32P-labeled E6E7 DNAfragments, the genomic DNAof VR-2g cells yielded 1.3 kb or 5.4 kb DNAbands respectively, the former corresponding to the size of the E6E7N-open reading frame and the latter to that of the recombinant retrovirus of HPV16 (Fig. 4) . These results suggest that the BamHIand Sacl-digested fragments were derived from the integrated proviral DNA.
The expression of viral DNAin VR-2gcells was examined by Northern blot analysis. As shown in Fig. 5 , the 5.4 kb mRNAyielded a hybrid band with the probe of 32P-labeled E6E7 DNAfragments, indicating that the E7 gene with the ability to induce cell immortalization and/or transformation was transcribed in VR-2g cells (15, 28) . The E6 gene with the ability of tumorigenicity was also transcribed but its product would probably not be functional because of the frameshift mutation (15, Immunostaining.
To determine the cell types of VR-2g cells, immunostaining was carried out. VR-2g cells of the 45th passage were used. Whentreated with mouse monoclonal antibody against glial fibrillary acidic proteins (GFAP), 55% of the cells reacted strongly, while the remainder did so either weakly or not at all (Fig. 6) . However, when treated with rabbit polyclonal antibody against GFAP, all of the cells exhibited positive reactions to the antibodies although the extent of the reaction varied among cells (data not shown).
The antibody against the neurofilament 210 (the neu- . Neurotrophic activity in the conditioned medium of VR-2g cells. The conditioned medium was harvested as described in "Materials and Methods", and used for the assays with fetal rat neurons. The neuronal cells were cultured for 3 days in the serum-free medium (a), or in the conditioned medium(b). The cell survival and the neurite extension of the neurons are enhanced whencultured in the conditioned medium.
Immortalization of Mouse Glial Cells ron-specific intermediate filaments) did not stain VR-2g cells (data not shown). These results indicate that VR2g cells are glial cells. Neurotrophic activity. Glial cells are knownto produce and secrete neurotrophic factors that support cell survival and neurite formation in primary cultures of fetal brain neurons, as described in the "Introduction". Therefore, it was examined whether VR-2g cells produce the neurotrophic factors. The conditioned mediumof VR-2gcell cultures was harvested and used for bioassays of the neurotrophic activities. As shown in Fig. 7 , the conditioned medium had the ability to support the survival and neurite outgrowth of rat embryonic striatum neurons in the primary culture. In this case, the cell survival rate was 25.5% for the control culture in the serum-free mediumand 83.1% for the cultures in the conditioned medium, and the proportion of cells having long neurites (over fourfold length of the cell body) was 0.56% of the viable cells for the control cultures and 28.6% for the cultures in the conditioned medium(data not shown). Neurotrophic activity of the conditioned mediumwas detected even at the twofold dilution but not at the fourfold dilution (data not shown). The cerebral cortical and septum neurons also responded to the conditioned medium (data not shown). These findings suggest that the neurotrophic factor(s) in the conditioned medium have effects on neurons in various regions of the brain.
DISCUSSION
The present report demonstrated that human papillomavirus type 16 E7 genes had the ability to immortalize embryonic mouse glial cells in primary cultures. Moreover, those cells had no ability to form colonies in soft agar, indicating that the cells are not transformed. Such an ability of E7 genes has already been demonstrated in rat fibroblastic cells: the E7 gene has transforming ability for established cell lines and immortalizing ability for primary-cultured cells (15, 28) . Therefore, the present method will be useful for the establishment of various untransformed cell lines from embryonic mouse and probably rat brain cells.
Thus, immortalized mouse glial cells were named VR-2gcells. These cells were demonstrated to express glial fibrillary acidic protein (GFAP) by immunostaining, although the staining levels of GFAP varied among the cells. To isolate highly GFAP-positive cell clones, VR-2gcells were subjected to the cloning culture, and many colonies were obtained. However, highly GFAPpositive colonies were not detected, while every colony exhibited lower levels of reactiveness to the antibody (unpublished), suggesting two possibilities that for growth, the highly GFAP-positive cells may require some factors probably secreted by the less-positive cells or that the less GFAP-positive cells may differentiate into the highly positive cells under some appropriate culture conditions. Clonal analysis of VR-2g cells is a future problem. Through bioassay with fetal rat striatum neurons, VR-2gcells were shown to have neurotrophic activity as determined by the two criteria, neuronal cell survival and neurite formation. Interestingly, fetal rat cerebral cortex and septumneurons also showedresponse to the conditioned mediumof VR-2g cells. These findings suggest a possibility that such neurotrophic factor(s) may play important roles in the development and differentiation of fetal rat brain. Molecular characterization of neurotrophic factors produced by VR-2g cells has not yet been determined but is in progress. It is unlikely that the nerve growthfactor is a candidate since rat striatum neurons are knownto be unresponsive to this growth factor (18), which was confirmed by our bioassay (unpublished).
